Tan, Wen, Chuang Du, Steven A. Siegelbaum, and Lorna W. of nicotinic AChR channel opening with no change in chanRole. Modulation of nicotinic AChR channels by prostaglandin E 2 nel open duration or single-channel conductance. Our demin chick sympathetic ganglion neurons. J. Neurophysiol. 79: 870-onstration of stimulated-release of PGE 2 from chick sympa- 879, 1998. The effects of prostaglandin E 2 (PGE 2 ), an important thetic neurons in conjunction with its effects on ganglionic metabolite of arachidonic acid, were studied on the activity of transmitter function suggests a novel mechanism for the connicotinic AChR channels in cultured chick sympathetic ganglion trol of sympathetic outflow.
decline of the peak of subsequent responses was quite consistent. Measurements of prostaglandin synthesis Prostaglandins (PGs) were applied after the first ACh response. To Neurons were incubated in two solutions and maintained at 37ЊC. allow comparison between cells, the absolute amplitude of the Solution A contained (in mM) 150 NaCl, 1 MgCl 2 , 1 KCl, 2.5 second and third responses were normalized by the first response.
CaCl 2 , and 10 HEPES, pH 7.2; solution B consisted of solution The half-time of AChR desensitization was determined from the A plus 0.05% fatty acid free BSA (Sigma). Neurons previously time course of current decline in the continued presence of agonist. maintained in vitro for 5-7 days (Ç1.5 1 10 5 neurons per 60-mm Previous studies have shown that a reliable estimate of the rate of dish) were incubated with solution B for 1-2 min (to remove AChR desensitization is provided by the ratio (I peak 0 I 5 )/I peak or possible residual PGs) and then washed twice with solution A. I 5 /I peak (where I peak is the peak current and I 5 the current measured Individual plates were then incubated for a period of 10 min with after 5 s of ACh application, see Valenta et al. 1993) .
solution A alone, solution A containing NE (0.1 or 1 mM) and SINGLE-CHANNEL RECORDING. Single-channel currents acti-ascorbic acid (100 mm) or solution A containing other reagents vated by ACh were recorded in the cell-attached configuration with (see RESULTS ). Each condition was tested in duplicate or triplicate. patch pipettes coated with Sigmacoat (Sigma). Applied pipette In some experiments, the neurons were pretreated with indomethapotentials were typically /50 mV and currents were elicited by cin (10 mM; Sigma) for 20 min before incubation to block cyclooxincluding 2.5 mM ACh in the patch pipette solution. With an ap-ygenase activity and hence the production of PGE 2 . At the end of plied potential of /50 mV plus a mean resting potential of the incubation, two volumes of ethanol were added to each plate 053.5 { 2 (SE) mV Valenta et al. 1993) , the mem-and the neurons and media collected for extraction. brane potential of the patch was typically held around 0100 mV.
After ethanol extraction (020ЊC, 4-12 h), the samples were The records of single-channel currents during the first 3 min were centrifuged (10,000 1 g for 15 min), the supernatants were colused to obtain control-activity levels.
lected and the ethanol in the samples evaporated under a stream Single-channel currents were digitized at 10 kHz and stored on of N 2 . The remaining solutions were acidified to pH 4 with HCl videotape for subsequent analysis. Single-channel records were and the prostaglandins extracted by three sequential treatments filtered at 2 kHz and were analyzed with BASIC 23 software with 2 1 (v:v) ethyl acetate. After evaporation to dryness, the developed by S. M. Schuetze (Jaramilo and Schuetze 1988) . For residue was resuspended in ELISA buffer (Cayman) for enzyme display purposes some records were filtered at 1 kHz. Mean cur-immunoassay. PGE 2 concentrations were determined by ELISA as rents were obtained by integrating the current records during a 10 described by Farman et al. (1986) by using an enzyme immunoass interval and dividing the integral by the time of the interval. For say protocol and reagents from Cayman. measurements of open burst distributions, any closing event°3 ms was considered to be part of the open burst. This value was chosen to be several fold longer than the brief closed time within R E S U L T S a burst (õ0.5 ms) but much shorter than the typical long closed PGE 2 attenuates the peak ACh-evoked macroscopic time that separates two independent bursts (ú1 s). Given the large separation between interburst and intraburst closed intervals, the current open burst duration is not very sensitive to the exact choice of a Figure 1 compares the macroscopic currents evoked by 3 ms criterion (Moss et al. 1989) . Open burst duration histograms were fitted by the sum of two exponential functions using a Simplex ACh (20 mM) under control conditions (Fig. 1A, top) and routine and maximum likelihood criterion (Jaramillo and Schuetze after PGE 2 treatment (25 nM; Fig. 1B, bottom) . In the ab-1988). The first 0.5 ms bin of data was ignored in the fits due to sence of PGE 2 , stable ACh responses were evoked by rethe filtering. Data are presented as means { SE, or SD where peated applications of agonist, with only a slight decline in appropriate. Statistical significance between two groups was deter-peak current amplitude in response to the second and third mined using Student's paired or unpaired t-test as appropriate; ACh applications. However application of PGE 2 for 3.5 min differences among several groups were evaluated using one-way after the initial control response significantly decreased the analysis of variance (ANOVA). Results were considered signifiamplitude of the peak ACh evoked current (Fig. 1B) . This cant if P õ 0.05. decrease in the peak current is largely reversed after washout of PGE 2 (Fig. 1B, trace 3) .
Recording solutions and materials
These effects of PGE 2 were consistently observed in a The extracellular perfusion solution consisted of: Leibovitz's L-total of 17 experiments (Fig. 1C) . Under control conditions 15 media containing (in mM) 143 NaCl, 1 MgCl 2 , and 2.5 CaCl 2 the second and third responses to ACh were 91 { 3.3% and (for perforated patch recordings or cell-attached patch) or 5.25 (for 73 { 8% of the first response, respectively. In contrast, whole cell recordings), pH 7.2. The intracellular pipette solution during treatment with 25 nM PGE 2 , the amplitude of the contained (in mM): 140 KCl, 1 MgCl 2 , 1 ethylene glycol-bis(bACh-evoked current was only 33 { 3.8% of the initial reaminoethyl ether)-N,N,N,N-tetraacetic acid (EGTA), 2 Mgsponse (P õ 0.05). After washout of PGE 2 for 7 min, the ATP, 0.3 guanosine 5-triphosphate (GTP), and 10 N-2-hydroxyACh response recovered on average to 60.1 { 6% of the ethylpiperazine-N-2-ethanesulfonic acid (HEPES), pH 7.2. In some experiments the perforated patch configuration was used to initial response (P õ 0.05 compared with PGE 2 , no signifiavoid dialysis of the cell (Horn et al. 1988) . In these experiments, cant difference compared with control). Part of the incomrecording pipettes were filled with 6% Amphotericin B (Sigma, plete recovery is probably the result of a prolonged compo- Rae et al. 1991) dissolved in media containing (in mM): 55 KCl, nent of desensitization (Valenta et al. 1993) , evident in the 75 K 2 SO 4 , 5 MgCl 2 , and 10 HEPES, pH 7.2. In experiments using decline of the ACh responses under control conditions. A the cell attached recording configuration, pipettes were filled with similar inhibitory effect of PGE 2 was observed in experi-2 mM ACh dissolved in a solution consisting of (in mM): 150 ments with perforated patch recording. After treatment with NaCl, 3 KCl, 1 MgCl 2 , 1 CaCl 2 , and 10 HEPES, pH 7.2. Acetyl-PGE 2 , the amplitude of the ACh-evoked current was only choline, norepinephrine (NE), histamine, dopamine, bradykinin, 36 { 4.5% of the initial response (P õ 0.05, n Å 4).
vasopressin, muscarine, nicotine and ascorbic acid were from PGE 2 had no effect on the resting potential, the holding Belcher and Ryall 1977; Boyd and Leeman 1987; Clapham and Neher 1984; Valenta et al. 1993) . The possible effects of PGE 2 on AChR desensitization were examined with a prolonged pulse of ACh (10 s), during which the macroscopic current declines markedly because of desensitization. Figure 2 illustrates typical responses to repeated 10 s applications of ACh under control conditions ( Fig. 2A) and after PGE 2 treatment (Fig. 2B) . Under control conditions, the second response to ACh is typically 30-40% less than the initial response (10 min interval between application), reflecting a maintained component of desensitization of the AChRs (see Boyd and Leeman 1987; Valenta et al. 1993) . However the time course of decay of currents during the first and second responses is identical, as indicated by superimposing a scaled version of the second response on top of the first response (superimposed traces in Fig. 2A, bottom) (i.e., no change in current in response to { 20 mV voltage steps). Thus the action of PGE 2 is relatively selective toward inhibition of the current evoked by ACh (see Fig. 4 ). The effect of PGE 2 on ACh-evoked currents was examined further by altering the PGE 2 concentration between 1 and 250 FIG . 2. PGE 2 decreases amplitude of ACh-evoked current without alternM (n Å 9). The ACh responses were 17% (n Å 5), 45% ing rapid phases of AChR desensitization. A, top: macroscopic currents (n Å 4), or 43% (n Å 5) of the initial response after treatevoked by 2 sequential applications of ACh (20 mM, 10-s pulse duration, ment, with 1, 12.5, or 250 nM PGE 2 respectively, indicating 10-min interpulse interval). Decrease in I 2 vs. I 1 reflects lack of recovery that the IC 50 for PGE 2 was below 1 nM. from slow desensitization. Bottom: after scaling, I 2 is superimposed on trace I 1 . B, top: macroscopic currents to 2 ACh pulses with neuron exposed to PGE 2 (25 nM) for 3.5 min before 2nd pulse. Bottom: scaling of I 2 shows PGE 2 decreases the peak ACh-evoked current without Similarly, the rate of AChR desensitization during continuous agonist application was not altered by the presence of PGE 2 , although the PGE 2 treatment did decrease the subsequent ACh-evoked response by 60% (Fig. 2B ). The lack of effect of PGE 2 on the time course of desensitization during the ACh pulse is illustrated by the fact that currents evoked by ACh in the presence of PGE 2 are superimposable on the initial control response after amplitude scaling (Fig. 2B , bottom). The results using 10 s long ACh pulses are summarized for 18 control and 19 PGE 2 treated neurons in Fig. 2C . On average, the peak response to a second ACh application was 68.7 { 4.3% of the first response under control conditions versus 36.4 { 4.5% of the first response in PGE 2 treated neurons (P õ 0.01). In contrast, AChR desensitization during the pulse of ACh, estimated by the percent decrease of the current from its initial peak value (I peak ) after 5 s of continuous application of ACh (I 5 /I peak , see METHODS ) was unchanged by PGE 2 (72 { 4.3%; control and 65 { 6.5% / PGE 2 ; P ú 0.05). Furthermore, to minimize variations in desensitization rates among different cells, the fraction of current remaining at 5 s during the second ACh application was normalized by the fraction during the first ACh application. These normalized measures of desensitization were also 
Effects of PGE 2 on ACh-evoked single-channel currents
indicated by labeled bar. Time bin for mean current measurement was 10 s. C: summary of effects of PGE 2 on mean current. Data are presented relative to mean control current, which was set at 100% for each patch
To investigate further the mechanism by which AChR because of wide range in initial mean current values among control patches.
currents are inhibited by PGE 2 , its action was studied on single AChR channel currents in cell-attached patches. In these experiments, channels were activated by including 2 the washout of PGE 2 (recovery). On average PGE 2 treatment mM ACh in the patch pipette, a concentration that results in reduced the mean current by 64.5 { 5% from the control little desensitization of either central or peripheral AChR level of channel activity (n Å 6, P õ 0.05). The mean channels (Brussard et al. 1994; Downing and Role 1987 ; currents recovered to 76 { 8% of control after PGE 2 washout Listerud et al. 1991) and PGE 2 was applied to the bath (n Å 5). solution. As illustrated in Fig. 3 , PGE 2 consistently inhibited Thus the effects of bath applied PGE 2 on AChR channel the AChR channel current in the cell-attached patches. Three activity in cell-attached patches quantitatively matches the sets of nonconsecutive AChR channel currents from an indi-inhibitory effects of bath applied PGE 2 on macroscopic curvidual patch recording are shown in Fig. 3A , recorded before rents (Fig. 1B) . Because the channels in the cell-attached application of PGE 2 (control), in the presence of 25 nM patches were not directly exposed to PGE 2 , it is unlikely PGE 2 , and 1-3 min after removal of PGE 2 (Wash). The that PGE 2 directly interacts with the AChRs. More likely, overall level of AChR channel-opening frequency is greatly the inhibition of nicotinic (nAChR) activity by PGE 2 is medireduced after application of PGE 2 to the extrapatch mem-ated by a specific membrane receptor for the prostaglandins brane and largely recovers within a few minutes after wash-coupled to an intracellular second messenger. out of drug.
To quantify the effect of PGE 2 on single AChR channel PGE 2 alters the probability of opening but not the singlecurrents, the mean current (I) during 10 s time windows is channel current amplitude or burst duration plotted versus time during the experiment (Fig. 3 B) . TreatTo determine at which level single AChR channel function ment with PGE2 decreased the mean current from about is altered by PGE 2 , we analyzed the single-channel records 8 1 10
03 pA to about 2 1 10 03 pA. The mean current then for changes in single-channel current amplitude, frequency largely recovered on washout of PGE 2 . Both the inhibition of channel opening and burst duration. and the recovery of AChR channel activity occur fairly slowly, requiring one or more minutes. Figure 3C summa-ANALYSIS OF NACHR-CHANNEL CURRENT AMPLITUDES. ACh activates four nAChR channel subtypes distinguished by rizes the results from six experiments in which mean AChR channel current was measured continuously under control their conductance, open time kinetics, pharmacology, and developmental stage of expression in chick sympathetic neuconditions and in the presence of PGE 2 . Because of the slow and variable onset and recovery of the effects of PGE 2 , a 2 rons (Moss et al. 1989; Moss and Role 1993) . Probably because of our use of relatively early stage embryos in these min window of channel activity was averaged beginning one minute after exposure to PGE 2 (/PGE 2 ) and 3-6 min after experiments (E11-E13), we routinely observed only two from the same patch after treatment with PGE 2 reveals a similarly good fit by two similar Gaussian functions, with peak amplitude at 02.57 { 0.26 pA and 04.85 { 0.32 pA (Fig. 4B, mean { SD) . Thus although there were many fewer openings after application of PGE 2 , the amplitudes of the open-channel currents were unchanged.
These data are summarized from six such analyses of current amplitude histograms in Fig. 4C . On average, the amplitude of the larger conductance class of nAChR channels was 04.79 { 0.21 pA and 04.83 { 0.25 pA, before and after PGE 2 , respectively (n Å 6, P ú 0.05). The average amplitude of the smaller conductance class was 02.86 { 0.17 pA (control) and 02.7 { 0.14 pA (/PGE 2 ; n Å 6, P ú 0.05).
ANALYSIS OF NACHR-CHANNEL OPEN BURST DURATION. Possible effects of PGE 2 on the open burst duration of either of the two amplitude classes of channels were analyzed next. Each conductance class was studied separately using the criterion that a burst consisted of a group of openings separated by closed times no longer than 3 ms. Burst distribution histograms required two exponential functions for adequate fitting. PGE 2 altered neither fast nor slow burst duration time constants for either conductance class of channels. One example of the lack of effect of PGE 2 on open burst distributions for the larger conductance class of nAChR channel is illustrated in Fig. 4 , D and E. In control conditions, the open burst distribution was fit by two exponential functions with fast (t f ) and slow (t s ) time constants of, respectively, 1.06 ms (relative amplitude of 0.79) and 3.7 ms. In the presence PGE 2 the fast and slow time constants were essentially unchanged, with values of 1.04 ms (0.89 relative amplitude) and 3.87 ms, respectively. which there was a sufficient number of reliable measureDistribution of channel openings under control conditions and during PGE 2 are fit by 2 exponential curves. F: summary of open burst distribution ments both before and after PGE 2 treatment. In this experianalysis of 45 pS large class channel before (control, solid bars) and after ment, PGE 2 had no effect on the burst kinetics (control:
(hatched bars) PGE 2 treatment (n Å 5).
t f Å 0.69 ms, t s Å 2.94 ms; /PGE 2 : t f Å 0.51 ms, t s Å 2.82 ms). The mean burst duration of the smaller class of nAChR channels was also estimated from the arithmetic of these amplitude classes of channels (as can be seen in mean of all open bursts and revealed a control value of Fig. 3A) , with conductances of Ç45 and 25 pS, respectively 2.27 { 0.46 ms versus 2.25 { 0.35 ms after PGE 2 treatment (assuming an average cellular resting potential of 053 mV).
(P ú 0.05; n Å 6). The two channels were distinguished with the use of an ''all points'' current amplitude histogram (see Jaramillo and ANALYSIS OF FREQUENCY OF NACHR OPEN BURSTS. As Schuetze 1988 and METHODS ). PGE 2 had no apparent effect on either single-channel current Analysis of records such as the one illustrated in Fig. 3 amplitude or open burst duration, it was likely that PGE 2 before and after treatment with PGE 2 indicates that PGE 2 acted to decrease the frequency of AChR channel open has no detectable effect on the single-channel current ampli-bursts. Channel open burst frequency was determined by tude of either of these nAChR channels (Fig. 4, A and B) . averaging the number of open bursts of each nAChR channel The control amplitude histograms are well fit by the sum of amplitude class during three minutes of recording in the two Gaussian functions with peaks at 02.6 { 0.3 pA and absence or presence of PGE 2 . In the absence of PGE 2 , the 04.96 { 0.37 pA, respectively (Fig. 4A, mean { SD) . average open burst frequency of the larger and smaller conductance class of nAChR channels was 41.5 { 24/min (n Å Analysis of the current amplitudes of the nAChR channels to the initial response. The normalized current responses were 0.91 { 0.04 for control, 0.89 { 0.08 for neurons treated with PGD 2 and 0.37 { 0.04 for neurons treated with PGE 2 . Thus PGD 2 had no significant effect on the ACh-evoked current (P ú 0.05), whereas PGE 2 treatment diminished the peak current significantly (compared with the neurons treated with control media or PGD 2 ; P õ 0.05). Similar results were obtained using a 10-fold higher concentration of the prostaglandins. These data indicate that the inhibitory effects of prostaglandins on nAChRs were specific for PGE 2 relative to PGD 2 .
Release of PGE 2 from cultured chick sympathetic neurons
As an autocoid, PGE 2 is mostly likely to alter cellular function near the site of its synthesis and release. To test whether or not PGE 2 might be synthesized by sympathetic ganglion neurons themselves in response to local stimuli, sympathetic neurons maintained in vitro were incubated under control conditions or in the presence of hormones or transmitters. The role of cyclooxygenase in both basal and stimulated PGE 2 release was tested by pretreating neurons ACh (0.01-0.2 mM), dopamine (100 mM), histamine (10-100 mM), bradykinin (10-100 mM), vasopresin (100 mM), 5) and 7.2 { 3/min (n Å 6), respectively. PGE 2 decreased muscarine (10-100 mM), nicotine (0.01-0.1 mM), and northe frequency of open bursts of both classes by Ç60% (Fig. epinephrine, only the later produced a reproducible and sig-5). The effects of PGE 2 are equivalent whether all nAChR open bursts are pooled (decrease of 64.2 { 3.8%; n Å 6; P õ 0.05, compared with control) or whether the openings of the two amplitude classes are considered separately (decrease of 66 { 7.3%; P õ 0.05, n Å 5 for the larger conductance channel and decrease of 59.2 { 3.4%; P õ 0.05, n Å 6 for the smaller conductance channel). Thus these data reveal that PGE 2 reduces the frequency of open bursts of both conductance classes of nAChR channels examined and that this effect can quantitatively account for the inhibitory action of PGE 2 on both the macroscopic and microscopic mean AChR channel current.
PGD 2 does not alter the ACh-evoked current in sympathetic neurons
To examine whether modulation of the AChR is selective for PGE 2 , we examined the action of PGD 2 , a prostaglandin that is similar in both biological activity and structure to PGE 2 (Shimizu and Wolfe 1990), on channel function. To compare the inhibitory effects of PGE 2 with PGD 2 , we examined ACh-evoked macroscopic currents in neurons from three sets of sibling cultures, using a procedure identical to that used above to study the effects of PGE 2 . In each neuron ACh (20 mM; 500 ms) with a 7-min interval between trials.
mM indomethacin (neurons were also pretreated with 10 mM indomethacin During this interval the neurons were perfused either with for 20 min); NE, control buffer plus 0.1 or 1.0 mM norepinephrine; Indo control media or, for the final 3.5 min of this interval, with plus NE, indomethacin plus 0.1 mM NE. PGE 2 release was measured under media containing PGD 2 (25 nM). The peak amplitudes of each condition and normalized by basal release of PGE 2 from same set of cultures.
the subsequent ACh-evoked currents were then normalized J830-6 / 9k25$$fe36 01-16-98 10:42:58 neupa LP-Neurophys nificant increase in PGE 2 production. These findings are Valenta et al. 1993) . In comparison, PGE 2 may be more readily diffusible among cells within the ganglion because summarized in Fig. 6 .
One potential problem in measurements of prostaglandin of its aliphatic side chains. Unlike SP, which can depolarize the membrane independent of its effects on AChRs (Dun levels is contamination by prostaglandins present in the culture media. To distinguish exogenous prostaglandins (PGs) and Minota 1981), PGE 2 , at the concentrations used in the present study, did not induce any changes in membrane pofrom PGs produced by the sympathetic neurons, we compared PG levels in cultures incubated in the presence or tential while it modulated the ACh-evoked response.
There are several other differences in the modulatory efabsence of indomethacin, an inhibitor of cyclooxygenase that will block endogenous prostaglandin synthesis. Because fects on AChR channels between SP and PGE 2 . First, the effects of PGE 2 are much slower than those of SP. Second, the inclusion of indomethacin decreased basal release by Ç30% (to 69 { 7% of basal level; n Å 3), this portion at the whole cell current level, SP inhibits ACh-evoked current by enhancing the rate of decay (or the rate of the early of PGE 2 levels represents the endogenous synthesis by the sympathetic neurons.
stage of desensitization) and slowing the late phase of recovery from desensitization. SP has little effect on the ACh-NE stimulated synthesis of PGE 2 in a dose-dependent manner, with levels increasing to 114 { 3% (n Å 3) and evoked peak current response . In contrast, PGE 2 greatly attenuates the ACh-evoked peak current re-130 { 5% (n Å 5) of basal levels with 0.1 and 1 mM NE, respectively (P õ 0.05). This increase was largely blocked sponse, but has almost no effect on the rate of the early stage of desensitization. At the single-channel level, SP deby indomethacin. PGE 2 levels in indomethacin plus NE (0.1 mM) were 68 { 11% of basal levels (n Å 3). This is creases the open time and frequency of opening of channels activated by a desensitizing concentration of ACh (7.5 mM; identical to the PGE 2 levels measured in cultures treated with indomethacin in the absence of NE ( P õ 0.05). When Simmons et al. 1990 ) but PGE 2 affects only the opening frequency. Finally, the effects of SP were a function of ago-PGE 2 levels are expressed as the indomethacin-sensitive component, 0.1 mM NE caused an increase to 153% of nist concentration. SP showed greater effects with high or desensitizing concentrations of ACh but had little effect control and 1.0 mM NE caused an increase to 206% of control. In summary, these data reveal a transmitter specific when the AChR channels were activated by a low or nondesensitizing concentration of ACh (Valenta et al. 1993 ). In stimulation of PGE 2 synthesis via a cyclooxygenase pathway in sympathetic neurons.
contrast, the effects of PGE 2 did not depend on agonist concentration. PGE 2 affected the activity of AChR channels to a similar extent whether the AChR channels were exposed D I S C U S S I O N to 20 mm ACh (in whole cell experiments) or to 2.5 mM (in single-channel experiments), a relatively nondesensitizing The results of the present study demonstrate that PGE 2 , an eicosanoid, inhibits the function of AChR channels in concentration of ACh.
Although we cannot exclude the possibility that PGE 2 sympathetic ganglion neurons. The inhibition of the AChR channels seems to be specific and mediated through a second alters a late slow phase of AChR channel desensitization, such effects make an insignificant contribution to the inhibimessenger. The first conclusion is supported by the finding that PGD 2 , a chemically similar compound to PGE 2 , did not tion of the peak current in our recordings. Thus, in our control studies (Fig. 1A) , we showed that 7 min after the show any inhibitory effects on the function of the AChR channels. The second conclusion is based on the cell-initial ACh-response, the peak response during a second pulse of ACh was equal to 90% of the initial ACh response. attached patch-clamp recordings in which PGE 2 , applied outside the patch electrode, attenuated the ACh-activated In some experiments, PGE 2 was not applied until 7 min (or longer) after the initial ACh response. At this time, the channel activity in the patch. Because we observe a similar extent of modulation in whole cell and perforated patch re-channels will have largely recovered from slow desensitization, yet PGE 2 still induced a large attenuation of the peak cordings, the unidentified second messenger system does not appear to rapidly wash out of the cell.
currents similar to that shown in Fig. 1B (data not shown). Even though both SP and PGE 2 act to inhibit AChR The inhibitory effects of PGE 2 did not exhibit a dosedependence within the concentration range tested (from 1 channel currents, the differences in their rate of action and effects on AChR kinetics may have important implications to 250 nM). At concentrations of 10 mM, we found that PGE 2 enhances the AChR channel current (unpublished for their physiological roles in modulating synaptic transmission. SP, which rapidly enhances the rate of desensitizadata). Dual effects of PGE 2 were observed in other systems (Negishi et al. 1989; Shimizu et al. 1993 ). This may be the tion and shortens channel open time, may serve to rapidly modulate synaptic transmission by limiting the duration of result of the coexistence of PGE 2 receptor subtypes. Three PGE 2 receptor subtypes were identified (reviewed by Cole-the postsynaptic response to a single presynaptic impulse, especially when there is an accumulation of a high level man et al. 1987), which differ in terms of their affinity for PGE 2 , signal transduction pathways and physiological of ACh. PGE 2 may slowly modulate synaptic transmission by rendering the postsynaptic AChR channels less responfunctions. To determine which receptor subtypes are involved in the present actions will require the availability of sive to presynaptic impulses. Thus SP should act to inhibit preferentially high-frequency trains of stimuli whereas subtype specific agonists and an understanding of the particular second messengers related to these effects. PGE 2 , once released, will inhibit transmission in a frequency independent manner. Previous studies have demonstrated that neuropeptides, such as substance P (SP) are also potent modulators of
The finding that the sympathetic neurons release PGE 2 in a cyclooxygenase-dependent manner, indicates endogenous neuronal nicotinic AChR channels (Simmons et al. 1990 ; synthesis of PGE 2 by the cultured sympathetic neurons. The What are the likely sources for PGE 2 if it does indeed play a significant role as a modulator of sympathetic funcactivity of cyclooxygenase in these neurons may be regulated by NE because it enhances production of PGE 2 . Evidence tion? One possibility is that is released from the sympathetic neurons themselves, perhaps in response to local NE release for a physiological role of PGE 2 in neuronal systems was provided by many prior studies. PGE 2 binding sites were in the ganglion, serving as a negative feedback regulator of sympathetic transmission. It was reported that NE stimulates found in different areas of the CNS (Dray et al. 1989; Pralong et al. 1990; Yumoto et al. 1986 ). Moreover it was the release of PGE 2 from the neurons of the media eminence region (Ojeda et al. 1982) . Among the drugs we tested for shown that PGE 2 is the major arachidonic acid metabolite in several different types of neuronal tissues, including cortex stimulation of PGE 2 production in sympathetic neurons, NE was the most effective. Although the main site of storage (Bishai and Coceni 1992), dorsal root ganglia (Vesin and Droz 1991), and sympathetic ganglia (Gonzales et al. and release of NE is at the terminals of sympathetic ganglion neurons, several lines of evidence indicate that it may also 1991). In vivo, there is a detectable amount of PGE 2 in cerebrospinal fluid in both animals and humans (Yergey et be stored and released within the ganglion. First, NE was found to be stored in principal ganglion cell bodies and SIF al. 1989) .
In the present experiments, the high basal production of (small intensively fluorescence) cells, which are believed to have modulatory functions on synaptic transmission (Libet PGE 2 by the cultured chicken sympathetic neurons may be partially attributed to the excessive release of arachidonic 1980). Second, fluorescence histochemical studies show that there is an intraganglion network of NE containing varicose acid resulting from the mechanical stimulation of experimental procedures. Therefore it may be more proper to evaluate fibers (Dail and Barton 1983) . This NE can be released on stimulation and this release is blocked by the NE-depleting the effects of NE by comparing the NE stimulated production of PGE 2 with the production of PGE 2 in the presence of effect of reserpine (Christ and Zitaglio 1984) . Finally, in isolated cervical ganglia, stimulation of the preganglionic indomethacin. In this case, stimulation by NE could almost double the production of PGE 2 .
nerve induces release of NE from the ganglia (Martinez and Adler-Graschinsky 1979) . A significant amount of NE may It was also shown that reduction of the endogenous synthesis and release of PGE 2 is correlated with hypertension also reach the ganglion cells via the circulation resulting from high concentrations of NE released from activated adre-(reviewed by Quilley et al. 1990 ). Furthermore it is known that cyclooxygenase blockers that inhibit the synthesis of nal glands. The thick sheath of adventitia surrounding sympathetic ganglia imposes a diffusion barrier that could result prostaglandins are prohypertensive. Experimental evidence indicates that this effect is the result of a reduction of PGE 2 in a much higher relative concentration of substances or ions within the ganglion (Dail and Barton 1983) . It is possible levels that interact with the sympathetic nervous system (Quilley et al. 1990 ). Two possible sites of action were that there is sufficient local NE to stimulate the production of PGE 2 within the ganglion. Finally, exogenous PGE 2 could proposed to mediate the effects of PGE 2 on sympathetic function. First, application of exogenous PGE 2 was shown also become accessible to sympathetic neurons via the rich blood supply and the significant glomerular structure within to directly inhibit the release of catecholamine from the postganglionic nerve endings (Jackson et al.,1989) . Second, the ganglion (Dail and Barton 1983) . As a relatively stable prostaglandin autocoid with the potent effects on AChR PGE 2 could also activate autonomic afferent fibers and modulate the sympathetic outflow via the nucleus tractis solitar-channels that we have demonstrated, PGE 2 is likely to be an important modulator of sympathetic nervous system funciis-mediated autonomic reflex (Panzenbeck et al. 1989) .
Most research has been focused on whether or not PGE 2 tion. inhibits the release of NE from the sympathetic nerve terminals via a Ca 2/ -dependent mechanism. In sympathetic neu- 119, 1977. synaptic transmission in the ganglion through inhibition of BISHAI, I AND COCENI, F. Eicosanoid formation in the rat cerebral cortex. the AChR channels. Because the ratio of synapse formation
Contribution of neurons and glia. Mol. Chem. Neuropathol. 17: 219-238, 1992. between preganglionic neurons and postganglionic neurons 
